A novel artificial vision system with fully automatic operation that complements the results obtained by eddy current techniques in the inspection of heat exchanger tubes of nuclear power plants is presented. The system has a specifically developed fiberoptic probe based on a reflectometric principle that uses a linear array of optical fibers to form an image of the inner surface of the tubes, allowing to detect and measure defects opened to this surface. The system architecture, principle of measurement, main features and experimental results are presented.
INTRODUCTION
Inspection systems based on eddy currents techniques are routinely employed to the automatic detection and measurement of defects in heat exchanger tubes of nuclear power plants . Nowadays these methods have reached maturity and present quite high performances, specially in terms of velocity of inspection, but the nature of the measurement principle imposes some limitations to the achievable resolution even employing probes with optimized configurations and coil orientations. In the usual case of heat exchangers and steam generators with supporting plates, eddy currents techniques present also strong limitaions for inspecting the areas of the tubes at the neighbourhood of the plates . As a consecuence, the uncertainty band in the determination of the integrity of the tubes is wide and, on the basis of security criteria, many tubes are blocked without a more precise knowledgement of the real dimensions and severity of the cracks, being so reduced the useful life of the tubes and the productivity of the plant.
To overcome these limitations we have explored the possibility to use optical techniques to detect the defects opened to the inner surface of the tubes. Optical techniques have a great potential to reach a more precise dimensional characterization of the defects than eddy currents and are not affected by the presence of supporting plates. In fact, optical imaging tecniques, mainly by means of endoscopes, borescopes and miniature video cameras , are employed in many industrial areas since many years ago to get information about the inner surface of tubes, being possible to obtain images with quite good resolution.
However, these methods are seldom used as a routine mass-production tool because a human operator is needed to perform a visual inspection as the probe scans the tube, which makes the task tedious and time-consuming.
In our case, the desirable features of the inspection system were the fol lowing:
-Good contrast of the defects against background (reliability in the determination of the presence/absence of defects).
-High resolution and precise dimensional characterization of the defects (length, width, position along the tube surface, orientation and silhouette).
-Fully automatic operation.
-Compatibility with the eddy currents inspection system (if possible, simultaneous operation).
-Compactness, robustness and reliability.
for which the standard endoscopic methods were clearly unadequated.
In our knowledge, the first trial to deveope an optical system for this task has been done by the EPRI institution . In this project a specifically developed optical probe, based on the geometrical imaging of an annular section of the tube surface, was constructed and tested, but the results were discrete and finally it was not put in productioi. In the last years another optical system based on a triangulation principle has been developed for the inspection of heat exchanger and steam generators tubes but, in our opinion, it is not entirely adequated to the specific task of crack characterization in the very restrictive conditions of nuclear power plants, not only in terms of system performances (resolution, accuracy, defect discrimination capability) but also in other important aspects (environmental conditions, deviations in the tube geometry from nominal).
So we searched for a novel solution. In a first approximation we studied the possibility of adapting some of the existing endoscopic probes (including miniature cameras) to perform an automatic inspection but we found that it was not the best solution for the following reasons:
-The fish-eye lens approach for acquiring an image of an annular section of the tube presents the drawbacks of low resolution, low velocity of inspection and appreciable errors in the measured dimensions induced by misalignements of the probe with respect to the surface. Moreover, the illumination-detection geometry is not optimized for crack detection for which the reliability in the determination of presence/absence of cracks is low.
-The rotating mirror approach (helical scanning of the tube surface) allows to obtain enough resolution and velocity but present stronger problems than the fish-eye approach in terms of sensitivity to misalignements and illumination-detection geometry (it is variable along the vision field). Appart from this, it incorporates other possible sources of problems as the synchronization of the rotating mirror, ligthing peak power and critical mechanical construction.
Taking in account the possibilities of the modern fiberoptic technology, we devised a new artificial vision system that is described in the following.
SYSTEM ARCHITECTURE
The architecture of the complete system is outlined in the block diagram of fig. la while the functional structure of the optical section is shown schematicaly in fig. lb . The system produces an image of the inner surface of the tubes by a reflectometric principle: a linear array of optical fibers is scanned along the tube while other linear array is used to delivery the light from the source to the inspected zone. The fiber array acquires an intensity distribution of light reflected by the surface and transfers it to a linear array of detectors that converts it into an electrical signal that is computer processed to render the desired output.
PRINCIPLE OF MEASUREMENT

Crack detection principle
The crack detection and measurement principle is based on an imaging approach, i . e. , it is stablished a point-to-point correspondence between tube surface and image plane. The image is built up in such a way that its brigthness distribution allows to obtain the desired information about cracks. For this, a reflectometric principle is implemented by means of optical fibers.
The geometrical disposition of the fibers is schematically described in figure 2 where a longitudinal cross-section of a tube and a detecting element "is' of the fiberoptic probe are shown. The light from a fiber with its axis under a mean incidence angle ai illuminates a region W of the surface around the point Qi defined by the intersection of the detection fiber axis with the surface. Part of the reflected light is collected by the detection fiber, being the value of this intensity the brightness that we assign to the point Qi in the image. We will call contribution area Zi the portion over the surface of the illuminated area that contributes to the detected intensity in the fiber "i". As there are no imaging elements, the parameters of the detecting element that mainly determine the size of the contributing area Zi are the numerical aperture NA of the detection fibers and the detection distance QiBi. The size of the illuminated area W is selected in such a way that W is greater than Zi.
Assuming that the tube surface profile can be described as a random process, the reflective properties of the contributing area El can be also treated statistically because thir are close related to the profile structure of the surface (height, slopes) . Given the configuration of the detecting element, a great number of measurements over the same point Qi render the statistical distribution of detected intensity. Repeating the process along the surface, we would have different statistical distributions with expected values Ii and standard deviations oi. If no defects are present in the surface, if the surface random profile is ergodic and the area El is great enough to be characterized by the same parameters as the surface as a whole, this statistical distributions would have the same expected value lo and standard deviation oo. In practice, Oo constitutes a noise component in the output signal that depends on the surface statistical properties6'7, the parameters of the reflectometric configuration and the coherence of the illumination over the contributing area Zi.
On the other hand, when a defect is present in Zi, the detailed reflectivity distribution varies along Zi and the expected intensity Ii will differ from lo. In the particular configuration of the fiber reflectometer (with8 i not very different from ad) we are in the so called bright detection field and Ii will be the greatest if cracks are not present in the contribution area Zi, decaying gradually as long as the area of the crack portion into Zi increases.
This if because the effect of the cracks will be in general to spread or difusse the incident energy over a wider angle than when no defects are present or to reflect the energy around a direction that is not the direction of specular reflection or even to block completely the reflected intensity9.
There are other effects that induce local changes in the reflectivity of the metal surface as discoloured areas, oxides, etc. . . and that would be in principle classified as defects because they produce the same effect than a crack in the reflected intensity. But usually it is possible to distinguish between cracks and other defects by analyzing the geometrical shape of the suspicious area in the final image and comparing it with the special geometry of each kind of defect.
Geometrical configuration of the fiberoptic probe. Imaging technique.
Applying the reflectometric measurement described previously to a conveniently selected grid of surface points Qi we can build up an image of the inner side of the tube. Among the different possible ways to perform the sampling, we have selected a line-scan acquisition scheme due to the cylindrical geometry of the tubes. The image is composed of successive lines each corresponding to a ring section of the tube surface. To cover the whole ring section, the With this general structure, we have optimized the optical system of the fiberoptic probe to present a maximum sensitivity to cracks maintaining a relative insensitivity to other macro and micro geometrical parameters of the tube (roughness, roundness). In general, sensitivity is a term associated to the minimum quantity measurable or detectable by an instrument. In our case, we define it as the minimum width of a crack to be detectable. As the effect of a crack is a decrease of the detected intensity, the sensitivity is related to the discrimination level between defects and normal areas in the tubes, that has to be selected taking into account the range of fluctuation (noise) of the intensity in the areas without defects (i.e. ø'o).
Resolution of the vision system.
A very important parameter to specify the quality of an image forming device is the resolution. Resolution is usually measured through the contrast of the image of regular bar patterns with different periodicities. The resolution limit can be defined as the minumum half pitch of the pattern for which contrast reach a zero value. This definition of resolution limit can be related to other usual definitions (MTF, number of line pairs/mm). 4 .3. Influence of the surface and the constructional parameters of the fiberoptic probe in the sensitivity and resolution. To design and optimize the system we have developed a theoretical model that relates its performances (sensitivity and resolutn) to the fiberoptic probe parameters and the characteristics of the surface . The detection process is modelled in two consecutive stages, each limiting in a particular way the final performances of the system: a) The intensity distribution formation in the detection plane. b) The integration and sampling by the linear array of fibers.
The relevant conclusions of the study can be summarized as:
1) The resolution and sensitivity of the system are established by the numerical aperture NA of the detection fibers, the detection distance QB, the detection fiber diameter D, the sampling pitches px, py and the diffusive behaviour of the surface. 2) By a), independently of the sampling rate, the resolution and sensitivity of the system are limited by the size of the contribution area E. As the system have no imaging elements: -E increases with QB.
-At a given detection distance QB, E increases with the value of the effective angular spread of light after reflection p. The effective value of p is established by the combined effects of the diffusive behaviour of the surface and the numerical aperture NA of the detection fibers.
3) By b), independently of Z, px, and py, the resolution and sensitivity of the system after discretization are limited by D. (The smallest practical value for px and py is D). 4) As the two process a) and b) are simultaneous, the more restrictive of the limits imposed by 2) and 3) determines the final performances of the system and a careful balance of constructional parameters is needed in order to obtain values of this performances in accordance with the numbers of image pixels generated.
Limit capabilities of the vision system.
We will call limit capabilities of the vision system to the resolution and sensitivity that could be obtained if the performances of the system were determined only by the size of E, that is, for the first stage of the detection process and so the effect of integration and sampling by the fiber array can be neglected (that would be the case if px, py and D are much lower than E). 5 . EXPERIMENTAL RESULTS
Prototype description.
To check the real capabilities of the vision system a laboratory prototype has been constructed. The prototype has four modules: optical head, tube positioning module, illumination-detection module and computer.
The optical head is composed by the illuminating fibers and an endoscope specially adapted for the prototype by removing the distal end lens resulting a circular image area of 0.4 mm diameter (with fibers with a diameter less than 10 im and wide numerical aperture). Both elements are mounted in a goniometer stage that allows to select independently the illumination and detection angles and distances. The tube to be inspected is mounted on a motorized traslation stage that performs the scanning along the axial direction of the tube in steps of length px.
The illumination-detection module comprises a 5 mW He-Ne laser coupled to the illumination fibers and a 512 elements PCD linear array with a special optical assembly that images a slit portion of the endoscope ouptut face onto the PCD sensitive area. The image of each fiber of the endoscope fills several detecting elements of the array. Choosing adequately both the width of the slit and the number of elements of the PCD that are promediated, the system can select different effective diameters De for the effective detection elements gathering togheter the light of several real fibers. The slit disposition ensures that the circumferential sampling perodicity py is always equal to De. The computer performs the image storing and processing as well as the control of the tube positioner.
5 . 2. Experimental evaluation of the limit capabilities.
In the experimental tests we have used incoloy 800 tubes, identical to the tubes of a real heat exchanger, with periodic structures of regular cracks with known width and periodicity for the purpose of calibration and also with real cracks. For this tubes it was experimentally evaluated that, as a consecuence of the diffusive behavior of the surface, the size of the contributing area E was of the order of the 15 per cent of the detection distance QB. So, in the range of practical values of QB (between 0.2 nun and 0.7 mm), E is between 40 and 120 m. For minimizing the effect of integration of the fibers, a value of De small compared to E was choosen, De = 10 .tm. The value of px was, in order to not affect the limit imposed by De, smaller than 10 .Lm.
1. Limit Sensitivity.
The fig. 3a shows the profiles of a 50 ,im width crack obtained with different values of QB. If we choose a 50% discrimination level (DL) the crack is detectable until QB reach values of the order of 0,7 mm. As QB increases the sensitivity is smaller. The pulse width at a given discrimination level is related to the real width of the crack. Also, the pulse area in the normalized profile is a function of the crack width independently of QB ( fig. 3b ). Both relations can be used to measure the cracks.
Limit Resolution.
To measure the resolution, we have used a calibration tube in whose surface a series of regular slit patterns were formed by electrical disintegration. The experimental results show that the system can resolve cracks of witdh 50 im separated 50 m up to a detection distance of 0.7 mm. The limit resolution of the system is improved for QB smaller.
Noise
To obtain a good level of confidence in the detection and measurement of the defects, we have to take into account the fluctuation of intensity in order to select adequately the discrimination level. For this task, different images where obtained for typical tubes with no defects on the surface and as a measure of the noise we take the typical deviation of the intensity in the output profile.
In fig. 4a one real output profile is compared with the mean output profile of a crack transversal to the axial scan direction. The mean profile was obtained by averaging different parallel real profiles of the crack. It can be observed that the noise is greater in the areas with greater values of the detected intensity (multiplicative behaviour). Also we have compared the profile of an area with a crack of width 50 ,m against that of an area without defects for different values of the detection distance ( fig. 4b ). It can be seen that the fall of intensity for the crack is greater than the fluctuation in the signal.
Using the experimental results we could assign to the noise componente a value of the order of 20% of the mean intensity in the areas without defects. So a discrimination level of 50% would be adequate in this case. 
MAIN ADVANTAGES OF THE FIBEROPTIC PROBE CONFIGURATION
Appart from the system performances, other important features related to its functionality are the following:
-As the simultaneously inspected zone is 1-D, the illumination-detection geometry can be optimized in the whole field at a time, avoiding dead zones where sensitivity falls.
-The probe follows the cylindrical topography of the tube surface and the diameter D of the detection fibers provides an intrinsic scale of measurement.
-Relaxed sensitivity to geometrical misalignements of the probe with respect to the surface.
-The whole tube surface is inspected with only one axial travel of the probe along the tube. Circumferential scanning and the implementation of rotating mechanisms are avoided.
-The axial uniformity of the illumination is easy to acomplish.
-As there are no imaging forming elements, it is avoided the need of an autofocus system. -The operation of the system is fully automatic and compatible with that of the eddy currents inspection systems in such a way that even simultaneous operation is possible.
The preceding analysis shows that the vision system based on the fiberoptic probe fulfils all the desirable requirements listed in the introduction.
CONCLUSIONS
A new fiberoptic laser probe for the fully automatic inspection and measurement of cracks in the inner side of heat exchanger tubes has been presented. The principle of measurement and defect detection technique were explained. Experimental results obtained with a laboratory prototype indicate that 50 m cracks are clearly detectable and measurable. 
